We study segregation of the subducted oceanic crust (OC) at the core-mantle boundary and its ability to accumulate and form large thermochemical piles (such as the seismically observed Large Low Shear Velocity Provinces (LLSVPs)). Our high-resolution numerical simulations of thermochemical mantle convection suggest that the longevity of LLSVPs for up to three billion years, and possibly longer, can be ensured by a balance in the rate of segregation of high-density OC material to the core-mantle boundary (CMB) and the rate of its entrainment away from the CMB by mantle upwellings. For a range of parameters tested in this study, a large-scale compositional anomaly forms at the CMB, similar in shape and size to the LLSVPs. Neutrally buoyant thermochemical piles formed by mechanical stirring-where thermally induced negative density anomaly is balanced by the presence of a fraction of dense anomalous material-best resemble the geometry of LLSVPs. Such neutrally buoyant piles tend to emerge and survive for at least 3 Gyr in simulations with quite different parameters. We conclude that for a plausible range of values of density anomaly of OC material in the lower mantle-it is likely that it segregates to the CMB, gets mechanically mixed with the ambient material, and forms neutrally buoyant large-scale compositional anomalies similar in shape to the LLSVPs.
Introduction
One of the most robust results from deep seismic tomography studies is the existence of two antipodally located Large Low Shear Velocity Provinces (LLSVPs) at the base of the mantle: one beneath Africa and the other beneath the Pacific Ocean [Garnero and McNamara, 2008; Dziewonski et al., 2010; Ritsema et al., 2011] . These large-scale heterogeneities occupy ∼1.6-2.4% of the total mantle volume [Burke et al., 2008; Hernlund and Houser, 2008] and appear to be stable in their positions, long-lived, and affect the geometry of flow in the deep mantle and that of plate tectonics at the surface [Dziewonski et al., 2010] . In particular, plumes of arguably deep origin, manifested at the surface as eruption sites of large igneous provinces, hot spot volcanoes, and kimberlites, are thought to be generated from the margins of the LLSVPs [Torsvik et al., 2006] .
The negative correlation between the bulk sound and shear velocity within the LLSVPs suggests that these anomalies are of chemical origin [Masters et al., 2000; Trampert et al., 2004; Steinberger and Holme, 2008] . This hypothesis is supported by the normal-mode data, which indicate an increased density in the locations of LLSVPs [Ishii and Tromp, 1999] . Further, seismic data in conjunction with available mineral physics data reveal the dominant role of chemically induced density variations in the lowermost 1000 km of the mantle [Trampert et al., 2004; Mosca et al., 2012] . The sharp and steeply dipping edges of the African LLSVP are also best explained as compositionally controlled [Ni et al., 2002] .
Oceanic crust (OC) enters the lower mantle through deeply penetrating subducting slabs [Van der Hilst et al., 1998 ]-a process that has been taking place for 3-4 billion years [Nutman, 2006; Shirey and Richardson, 2011] . The amount of OC that has been produced over this period of time (which itself is uncertain by ∼1 Gyr) shows that 7-53% of the mantle volume today may be occupied by mid-ocean ridge basalt (MORB) material [Xie and Tackley, 2004; Stixrude and Lithgow-Bertelloni, 2012] , which is more than sufficient to make up the total volume of the LLSVPs.
Intrinsic density of the subducted OC may be 0.5-5.3% higher than that of the ambient lower mantle [e.g., Hirose et al., 2005; Ricolleau et al., 2010] . This has given rise to the hypothesis that the high-density basaltic OC component may segregate and accumulate at the CMB and occasionally get sampled and brought back to the surface by deep mantle plumes. There also exists geochemical evidence to support this notion : Hofmann and White [1982] proposed that recycling of previously subducted OC into plumes may explain some of the observed difference in geochemical signature between ocean island basalt and MORB. Studies of olivines from the Hawaiian lavas [Kobayashi et al., 2004; Sobolev et al., 2005] , the Siberian Flood Basalts [Sobolev et al., 2011] , and other plumes [Sobolev et al., 2007] reveal contribution of the recycled OC to the observed geochemical heterogeneity.
Previous Models
Some of the uncertainty associated with the origin of LLSVPs derives from the lack of understanding of mantle evolution, which in turn stems from the uncertainty of its constituting materials and their physical properties. Geodynamic studies of thermochemical mantle convection typically attempt to find the range of material properties that allows generation and/or sustainability of high-topography thermochemical piles at the base of the mantle, which are laterally stable, manage to survive billions of years of entrainment by ambient flow, and have hot thermal plumes generated predominantly at their edges [e.g., Tan et al., 2011; Bower et al., 2013; Li et al., 2014] .
In general, results of numerical and experimental studies indicate that chemically distinct material with an intrinsic density elevated by a few percent can form piles that can be maintained in the deeper mantle for billions of years, with thermally or compositionally induced viscosity variations promoting the long-term stability [e.g., Kellogg et al., 1999; Davaille, 1999; Davaille et al., 2002; Tackley, 2002; Zhong and Hager, 2003] . In order to satisfy both long-term survival and geometrical (e.g., topography) constraints of the LLSVPs, their thermal and compositional buoyancies must be roughly balanced [Garnero and McNamara, 2008] . High-topography and gravitationally stable thermochemical piles, with plumes forming predominantly at their edges, were obtained in numerical models of Tan et al. [2011] and Li et al. [2014] . Success of their models to reproduce these observational constraints was attributed to the depth dependence of the compositional density anomaly (i.e., decreasing with depth), with a moderate value of the compositional density anomaly at the CMB (∼1.6-2.9% of the ambient mantle density) and large thermally induced viscosity variations (> 10 4 ).
Early numerical models of segregation of subducted OC, using an isoviscous model of the mantle, found that with a compositional density contrast below 5%, it is unlikely for significant segregation and accumulation at the CMB to occur [Gurnis, 1986] . However, despite resistance to segregation, clumps of OC material can persist in the mantle for a few billion years, thanks to the inefficiency of stirring by large-scale mantle flow [Gurnis and Davies, 1986a] . The convective mixing is even less efficient when the depth dependence of viscosity is introduced [Gurnis and Davies, 1986b] . Using a more realistic model of the mantle, which incorporates both temperature dependence and depth dependence of viscosity, Christensen and Hofmann [1994] showed that if the OC reaches the bottom thermal boundary layer, where the viscosity is lowered due to high temperature, it may segregate from the rest of the lithosphere and accumulate at the bottom. This result is in agreement with three-dimensional modeling studies of segregating slabs [Tackley, 2011] .
In general, results from numerical models suggest that segregation of OC and its persistence at the bottom are enhanced for larger values of compositional density anomaly [Gurnis, 1986; Christensen and Hofmann, 1994; Davies, 2002; Nakagawa and Tackley, 2005; Brandenburg and Van Keken, 2007; Huang and Davies, 2007; Nakagawa et al., 2010; Li and McNamara, 2013; Nakagawa and Tackley, 2014] . Increasing temperature dependence of viscosity was found to significantly promote segregation in models of Christensen and Hofmann [1994] , but the opposite was suggested by the numerical results of Li and McNamara [2013] . It is worth noting that in no cases studied by Li and McNamara [2013] did significant segregation of OC occur. The numerical study of Nakagawa and Tackley [2014] suggests that the Rayleigh number (Ra-a nondimensional parameter describing vigor of convection) plays a more dominant role in accumulation of OC at the CMB than thermally 10.1002/2014JB011688 induced viscosity variations. In contrast to Christensen and Hofmann [1994] and Li and McNamara [2013] , who also looked at the effect of Ra, Nakagawa and Tackley [2014] found that increasing Ra enhances pile formation by segregated OC. Thus, the effect of viscosity variations in the deep mantle (which also influence the value of Ra) on formation of a large-scale compositional heterogeneity over time remains unclear.
This Study
In models where thermochemical piles are generated by segregation and accumulation of dense OC, the interior structure of the piles and their large-scale characteristics (shape, volume, and buoyancy with respect to ambient mantle) are determined by processes that may be highly variable in time: rate of segregation of dense material at the CMB, rate of its reentrainment by plumes, and stirring taking place in the interior of the piles. Thus, the bulk properties of the piles cannot be straighforwardly prescribed as part of the initial conditions (as is the case with models featuring piles generated by deforming an initially flat dense basal layer), but emerge self-consistently as part of the simulation result.
Here we present the results of thermochemical convection simulations that illustrate the dynamics and thermal and compositional evolution of large-scale compositional heterogeneities at the CMB, which develop self-consistently by segregation and accumulation of subducted OC. Guided by the results from previous studies, we use a thin (6 km) OC, to conservatively estimate its perturbation to the ambient flow and settling at the CMB, and a rheological model of the mantle that leads to realistically large thermally induced viscosity variations.
Model Description

Mathematical Formulation
We model thermochemical convection of a Boussinesq fluid at infinite Prandtl number in a two-dimensional hollow cylinder geometry. Equations that describe the dynamics of the flow are the conservation equations of momentum, mass, energy, and composition presented in their nondimensional form:
where we used the standard transformation of variables for nondimensionalization, e.g., as in Schubert et al. [2001] . The reference values of the physical parameters used for nondimensionalization are presented in Table 1 . In equation (3), the source term is omitted (i.e., set to zero), since our models do not have any internal heating (see section A4 for the effects of excluding internal heating on our results). Subscripts i and j denote the Cartesian components of vector and tensor quantities, x i is the position vector, v i the velocity vector, p the deviation of pressure from its reference state, ij the deviatoric stress tensor, g i the unit vector in the direction of gravity, T the deviation of dimensionless temperature from its surface value (T = 0 translates to temperature at the surface (285 K), T = 1 to temperature at the CMB (3500 K), and T = 0.5 to reference adiabatic temperature (∼1890 K)), t is time, and D Dt is the material derivative. Ra is the Rayleigh number, which describes the vigor of convection and is defined as the ratio between the buoyancy forces driving convection and the dissipative effects opposing convection:
where the Ra value was obtained according to the values presented in Br is the buoyancy ratio, which describes the relative strength of the compositionally and thermally induced density variations:
where △ ′ C stands for the compositionally induced density variations. In our simulations, Br is systematically varied from ∼0.57 to ∼1.1 (corresponding to 1.8% and 3.6% compositional density anomaly, respectively).
In equation (4), C(⃗ x) describes spatial distribution of different materials (phases). In the presented work, we only consider immiscible fluids and disregard cases of chemical mixtures of different materials. Thus, C(⃗ x) is a discrete indicator function that can assume values 0 or 1 (since we only have two phases):
x is occupied by the compositionally dense material and C(⃗ x) = 0 otherwise.
We model materials constituting the Earth's mantle as fluids whose rate of deformatioṅi j and deviatoric stress ij are linearly dependent (Newtonian fluids). We also assume them to be incompressible and isotropic. In this case, the deviatoric stress, which appears in equation (1), can be expressed in terms of rate of deformation-and thus velocity, using the following constitutive relation:
Assuming incompressibilily of the mantle across its depth is not a fully justified approximation for mantle-like thickness and material properties [e.g., Schubert et al., 2001] . Some of the consequences of adopting it in our model, most important of which are the lack of the associated pressure dependencies of various material properties (e.g., density and thermal expansivity), are outlined in section A1.
Boundary and Initial Conditions
To close the system of equations (1)- (7), mechanical (velocity or traction) and thermal (temperature or heat flux) boundary conditions must be provided, together with the initial conditions for temperature and composition. Mechanical boundary conditions used in our models are free slip and impermeable at the inner boundary of the cylinder and prescribed velocities at the outer boundary. The tangential component of the prescribed surface velocity V ′ s is a sinusoidal function of azimuthal position along the outer boundary: V ′ s = A V s sin(2 ), with the amplitude A V s = 1 cm/yr. The schematic of the prescribed velocity boundary condition is given in Figure 1 . The prescribed surface velocity in our models is somewhat lower than what is representative for the tectonic plate velocities. This is because the role of the prescribed surface velocity in our model is mainly to organize the flow such as to form two downwelling regions. As was shown in the analogue experiments of Gonnermann et al. [2004] , increasing the magnitude of the surface velocity suppresses the naturally developing convecting pattern, which we try to avoid in our models. See section A3 for the discussion about the effects of prescribed velocity on our modeling results.
Thermal boundary conditions constitute prescribed temperatures at both inner (T =1) and outer (T = 0) boundaries. For initial temperature conditions, we use results of a convection model with the same geometry as in our tested models but at a coarser resolution, without any compositional heterogeneities and which was simulated for 500 Myr (starting with T = 0 at the surface, T = 1 at the CMB, and T = 0.5 everywhere else). The initial temperature field used for the models is such that the net surface heat flow is larger than the net bottom heat flow, and thus, the system starts off with mantle cooling. Over the last gigayear of simulation time, our results show mantle cooling at a rate of 10.5-14.5 TW (when dimensionalized modeled heat flux is averaged over 2-D surfaces and integrated over the real Earth's 3-D surfaces) for different tested cases, which is partially due to their initial thermal conditions and partially due to their developing dense basal structures.
Melting of the shallow mantle which forms basaltic oceanic crust (OC) is modeled in a simplified way, analogous to models of Christensen and Hofmann [1994] and Li and McNamara [2013] : material that enters the top 6 km of the cylindrical domain (so-called "melting zone") is converted to OC, which is intrinsically denser than the ambient material (if the material happens to be OC prior to entering the "melting zone," it remains unchanged). In this way, the compositional anomaly is continuously generated throughout the simulation.
The nondimensional inner and outer radii of our cylindrical domain are set to 1 and 2, respectively. It is an intermediate scaling compared to the ones studied in van Keken [2001] . See section A2 for the discussion on how this choice of geometry affects our results and how it compares to geometries used in other numerical studies.
Rheological Model
The rheological model used in this study includes depth dependence and temperature dependence of viscosity [Steinberger and Calderwood, 2006] . Variation of viscosity with depth is illustrated in Figure 1 , evaluated at mean temperature value (i.e., nondimensional value of T = 0.5). Temperature variations that arise in the course of simulations alter this profile, according to the following relations:
where (z) is the reference viscosity profile at adiabatic temperature (see Text S1 in the supporting information for derivation of (z)), H the activation enthalpy, n the stress exponent (n = 3.5 above 660 km depth, and
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n=1 below 660 km depth),T(z) the adiabatic reference temperature profile (note thatT(z) is different from the reference temperature profile used in the linearization of the conservation equations, with the latter simply being a constant due to the Boussinesq approximation), T are the nondimensional temperature values computed in the course of the simulation, T CMB = 3500 K and T 0 = 285 K are the assumed temperature values at the core-mantle boundary and at the surface, respectively, and △T ≈ 866 K is the adiabatic temperature increase across the depth of the mantle. The offset temperature T off and the scaling temperature T scale are used in order to correct for the fact that different reference temperature profiles are used in the general (Boussinesq) model, according to which T is computed, and in the viscosity model, whereT and T are used. We use cutoff values 10 19 and 10 24 Pa s-to restrict viscosity variations to the respective range. The viscosity field obtained in a typical run of thermochemical convection simulation is presented in Figure 1 . See Text S1 in the supporting information for details of derivation and values of the physical parameters used in the rheological model.
Dependence of viscosity on depth, temperature, and composition have all been shown to play an important role in determining the rate of entrainment upward and segregation to the bottom of an intrinsically dense compositional anomaly [e.g., Gurnis, 1986; Gurnis and Davies, 1986b; Sleep, 1988; Solomatov et al., 1993; Davaille, 1999; Zhong and Hager, 2003; Lin and van Keken, 2006; Kumagai et al., 2007; Li and McNamara, 2013] . Unfortunately, observational and experimental data on viscosity variation and value in the deep lower mantle (within and above the thermal boundary layer overlying CMB) are uncertain to ∼1 order of magnitude (see Tackley [2012] for a recent overview). Temperature, composition (i.e., presence of postperovskite phase, or distribution of the two main phases-perovskite and magnesiowustite), grain size, deformation history, and creep mechanism (possible occurrence of dislocation creep in regions of high stress, rather than the commonly assumed diffusion creep) in the lowermost mantle may all have a say on its effective viscosity.
In our models, viscosity model is varied only in the lowermost 500 km of the mantle. We do not attribute its variation to any specific mechanism outlined above. Rather, we treat it as an uncertainty in the lowermost part of the radial viscosity profile, shown by the black line in Figure 1 , which is varied for different models to investigate the effect of this uncertainty. We define a parameter as follows:
where orig is the reference value of the radial viscosity profile at the CMB, shown by the black line in Figure 1 and red is a reduced value of the radial viscosity profile at CMB, shown as colored lines in Figure 1 . The radial viscosity profile between the CMB and 500 km above it is modified to ensure a smooth viscosity reduction toward the bottom, as demonstrated by colored lines in Figure 1 . The radial viscosity profile above 500 km from the CMB is identical for all models. The range of viscosity reductions tested in this study is given by 0.25 < < 1.0.
Numerical Solution
We have developed a finite element method (FEM) code with particle-in-cell methodology, building on efficient MATLAB routines from MILAMIN [Dabrowski et al., 2008] , together with packages MUTILS [Krotkiewski, 2013] and Triangle [Shewchuk, 1996] .
The velocity is discretized with an unstructured triangular grid with high-order shape functions, using seven-node triangular elements. The pressure field within each element is discretized with a piecewise linear shape function. The global pressure field is thus discontinuous across element edges. For the numerical solution of the advection-diffusion equation (3), describing energy conservation, we employ the fractional step method, or Godunov splitting [LeVeque, 2002] , for time discretization: pure advection is solved first, followed by the diffusion step. The diffusion equation is solved on an unstructured triangular grid with first-order (linear) shape functions. The thermal grid elements are generated by splitting each mechanical element into six triangles.
At regular time intervals throughout the simulation, we regenerate the static meshes, on which mass, momentum, and thermal diffusion equations are solved. The mesh is refined in regions of large thermal gradients. This refinement criteria improves the accuracy of the diffusion solver and also that of the mechanical solver. The latter is due to the exponential dependence of viscosity on temperature, due to which regions of large thermal gradients correspond to regions of strongly varying viscosity, which require higher resolution in order to sustain the desired level of accuracy [Moresi et al., 1996; Deubelbeiss and Kaus, 2008; Duretz et al., 2011] . Example of a grid which illustrates this spatial adaptivity scheme is shown in Figure  S1 in the supporting information. The number of mechanical elements used for our simulations is ≈ 3 ⋅ 10 5 , which corresponds to ≈ 1 ⋅ 10 6 grid nodes (number of nodes is equal for mechanical and thermal grids). When scaled to dimensional values, the characteristic spatial mesh resolution ranges from 30 km-in regions of lowest thermal gradients to 1 km-in regions of highest thermal gradients.
The advective component of equation (3), as well as equation (4), is solved using the characteristics-based marker-in-cell method [Gerya and Yuen, 2003; Tackley and King, 2003] . Markers, or tracers, are points in space in which the initial thermal and compositional field values are prescribed. During the advection step, positions of markers are updated, according to the computed velocity field, and using the second-order Runge Kutta method (mid-point rule) for computing the trajectories. The number of markers is generally larger (by at least an order of magnitude) than the number of grid nodes. We use ≈ 4.5 ⋅ 10 7 markers in our simulations, which on average results in ≈ 1⋅ 10 2 markers per mechanical element.
The code has been thoroughly tested for thermal and thermochemical convection, against benchmarks commonly used in the geodynamic community [e.g., Van Keken et al., 1997; Blankenbach et al., 1989] . Additionally, confidence in our numerical results was gained through convergence tests. In particular, four of the tested cases were simulated with ≈1 ⋅ 10 5 mechanical elements and ≈1 ⋅ 10 7 markers, i.e., ≈3 times fewer than what is used in our study. Time evolution of values of Nusselt number, root-mean-square velocity, and fraction of volume occupied by thermochemical piles obtained with the coarser resolution were found to be within the range of those obtained with higher resolution.
Results
We systematically vary two physical parameters that have been found to play a dominant role in the evolution of compositional anomaly in a vigorously convecting mantle: intrinsic density anomaly of the oceanic crust (OC) (prescribed through buoyancy ratio, equation (6)) and viscosity (prescribed through viscosity ratio in the bottom 500 km, see section 2.3). We use capital letters B-F to enumerate different Br values (B, C, D, E, and F correspond to Br = 0.57, 0.71, 0.85, 0.99, and 1.1, which scale to Δ ′ C = 100, 125, 150, 175, and 200 kg/m 3 or, equivalently, a density contrast of 1.8, 2.3, 2.7, 3.2, and 3.6%, respectively). Different values are indicated by numbers from 1 to 4 (1, 2, 3, and 4 correspond to = 1.0, 0.75, 0.50, and 0.25). For example, a model with Br = 0.57 and = 0.50 is entitled B3. Figure 2 shows snapshots of the thermochemical evolution for four different cases: C1, C3, F1, and F4. In all of these cases, large-scale compositional anomaly is formed at the CMB. A zoomed-in view on piles that have developed by the end of each simulation (at 3 Gyr) is shown in both Figures 3 and 4 for the piles on the left and right sides of the domain, respectively. The shapes of large-scale anomalies in the presented cases can be grouped into two categories:
1. Large topography piles with sharp edges, which are highly mobile both laterally and vertically, have a close to homogeneous distribution of dense material in their interior and have plumes rising from their surface and edges, occasionally entraining large bulks of the pile material; 2. High-density basal layer covering nearly the entire CMB, overlain by high-topography piles with a much lower fraction of OC material, and plumes rising from their interior and edges, entraining thin filaments of pile material.
Scenario (1) is typical for the cases with moderate buoyancy ratio (Br < 0.8), while scenario (2) is typical for the high buoyancy ratios (Br > 0.8). The effect of lowering viscosity in the bottom 500 km appears to reduce the concentration of dense material in the piles. Figure 5 shows time evolution of heat flow, measured at upper and lower boundaries of the model, for six different cases (B1, B4, D1, D4, F1, and F4). The right axis of Figure 5 shows the respective values of the Nusselt number (Nu)-the nondimensional radial conductive heat flux at the surface of the cylindrical (2-D) model. Results of Figure 5 demonstrate the effect of buoyancy ratio and viscosity reduction in the bottom 500 km on our models' thermal evolution. Nu in the beginning of the simulations (up to 1 Gyr-before any substantial amount of dense material has been accumulated at the bottom) is very similar for cases with the same values of viscosity: lowering the viscosity in the bottom 500 km leads to higher heat flux at the surface, consistent with the fact that a lower viscosity gives a higher effective Rayleigh number-thus, a higher vigor of convection and more efficient heat flux. After approximately 1 Gyr, the effect of the accumulated dense material at the base becomes evident: cases with the higher buoyancy ratio and, thus, a larger volume of dense material accumulating on top of the CMB (as will be discussed in Figure 6 ), have a lower Nu, compared to cases with lower Br. Highest Nu (from ∼1.5 Gyr until the end of the simulation) among the presented models is obtained for the case with the lowest buoyancy ratio and lowered viscosity in the bottom 500 km (B4: Br = 0.57, = 0.25), and the lowest Nu is obtained for the case with the highest buoyancy ratio and original (i.e., not reduced in the bottom 500 km) viscosity profile (F1: Br = 1.1, = 1).
Global Scale Time Evolution
Presence of a large-scale compositionally dense anomaly at the bottom of the mantle reduces the heat flow across the CMB. This is shown for six different cases in Figure 6a , where the amount of dense material that accumulates at the base of the mantle is plotted against the decrease in mean temperature at mid-depth from its initial value. The result shows that a larger amount of high-density material at the CMB leads to a cooler system. A cooler midmantle is also more viscous, due to the temperature dependence of viscosity. Thus, the mantle, in cases with more dense material at the base, is more viscous and has a lower effective Rayleigh number. Figure 6a also shows that more dense material accumulates at the base for higher values of Br, meaning that increasing Br leads to a cooler and more viscous mantle. The effect of decreasing viscosity in the bottom 500 km on the amount of dense material that gets accumulated at the base is less pronounced. It appears that for cases with Br < 0.8, decreasing reduces the amount of material that gets accumulated, while for cases with Br > 0.8, decreasing slightly enhances accumulation. Figure 6b shows the volume fraction of the dense OC material present in the system for the six cases over time.
The downwelling flow in our models, and thus exposure of new surface area where OC can form, is largely determined by the prescribed surface velocities and is therefore similar for all of the models. According to the current rate of production of OC, as well as that of the recent past, Xie and Tackley [2004] estimate that the OC constitutes approximately 10% of the mantle volume today. This is a double value of what is produced in our models by the end of the simulations, meaning that our modeled rate of replenishment of the high-density OC material is lower compared to a more Earth-like system. Figure 6c shows how the size of thermochemical piles at the CMB changes through time. We observe that by the end of the simulations, the volume fraction occupied by the piles is comparable with the values estimated for the seismically observed LLSVPs-∼2%. Growth rate of the piles in cases with lower Br values (B1, B4) appears to be declining with time, while in the cases with high Br values (D1, D4, F1 and F4), the growth rate appears to remain more or less constant.
Upwelling flow of the rising hot plumes can entrain the high-density OC material in its vicinity and gradually contribute to the destruction/erosion of the accumulated dense anomaly at the CMB. This can happen solely by the action of viscous drag, in which case only a thin filament of high-density material is entrained. This is observed in cases with Br > 0.8 (Figures 3 and 4) . Entrainment can be assisted by the action of mechanical mixing of high-density and ambient materials prior to rising in plumes: a sufficiently diluted mixture can be heated to the degree where its effective compositionally induced positive density anomaly is less strong than the thermally induced negative density anomaly, forming the so-called thermochemical plumes. The latter is observed in cases with Br < 0.8 (Figures 3 and 4) and is much more efficient at destroying the compositional anomaly at the base of the mantle-i.e., it causes a higher flux of high-density material from the bottom to the surface of the mantle. Efficiency of these two entrainment modes to transport high-density material is demonstrated in Figure 7 , where volume flux of OC material across mid-depth is plotted over time for six different cases (negative flux means in the direction upward from the CMB). The plotted volume flux of OC 10.1002/2014JB011688 is normalized by that associated with the two downwelling regions, which is governed by prescribed surface velocities and is similar for all cases. The rise of well-stirred thermochemical plumes, reflected in the large negative peaks of OC flux in Figure 7 , is observed for cases with Br < 0.8. An example of one such event for case B1 is shown in the insert in Figure 7 . In some cases, thermochemical plume fails to rise all the way to the surface, and a part of it drains back down. In one such example, shown for case B4 in the second insert of Figure 7 , the hottest, least viscous, and closest to center (i.e., farthest from surrounding ambient mantle) part of the plume drains down, while the rest of the plume continues to rise. Such rare events are reflected in the positive peaks of OC flux in Figure 7 . For cases with Br > 0.8, entrainment of dense material by plumes is very inefficient-the net OC flux across the midmantle exhibits very rare (if any) and small in amplitude negative peaks.
To visualize the individual events associated with variations in entrainment and heat flux, we present the volumetric flux of OC material and heat flux as functions of time and azimuthal position in Figure 8 , measured at mid-depth of the domain for five different cases (B1, B4, C3, F1, and F4). Figure 8 illustrates the episodic nature of plumes-the yellow-red dots in the heat flux part of the figure. It is interesting to see the locations of plumes with respect to the locations of the thermochemical piles. For this purpose, we superpose the locations (black lines) of the "north" and "south" boundaries for one of the piles in each simulation onto the heat flux and OC flux color plots in Figure 8 .
We can identify three typical locations of plumes with respect to the piles: close to both edges of the pile and the mean lateral position of the pile. The plumes occurring close to the mean lateral position of the pile are cooler and more long-lived, compared to the ones occurring at the edges. Cases with lower viscosities in the bottom 500 km of the domain (B4 and F4) exhibit higher plume frequency and hotter plumes, compared to their more viscous counterparts (B1 and F1). Plumes are colder and less frequent in cases with high buoyancy ratio (F1 and F4), where a high-density layer develops on top of the CMB.
The contours of the piles in Figure 8 illustrate the transient, or oscillating, nature of the piles geometry: it shrinks and expands laterally over time and also moves as a whole laterally along the CMB.
Transport of OC material across mid-depth in cases with high Br (F1 and F4) is mostly restricted to the narrow regions associated with the downwellings-downward transport of the OC, as well as the highly localized regions where the OC material is transported upward. The latter is associated with the thin filaments of 10.1002/2014JB011688 high-density material entrained by plumes. In contrast, in cases with a moderate buoyancy ratio (B1, B4, and C3), a lot more OC material is traversing the mid-depth of the domain-illuminating both the fact that plumes carry more of the dense material as they rise and that there is a larger fraction of dense material present as a well-stirred component of the ambient material. In all cases, a Christmas-tree-like structure can be seen in the plots of the OC material flux, which indicates that plumes carrying high-density material upward tend to migrate toward the center of the piles.
Pile Scale Time Evolution
For a more detailed analysis of the internal structure of thermochemical piles, we look at the time dependence and depth dependence of the following parameters measured in their interior: concentration of the OC material, temperature, and the total buoyancy anomaly. The latter is defined as the sum of thermally and compositionally induced density variations inside the pile, with respect to the azimuthally averaged values of temperature and composition in the ambient mantle. Results are presented in Figures 9 and 10 .
OC Concentration. All piles presented in Figures 9 and 10 exhibit some degree of vertical stratification of OC concentration, which generally decreases away from the CMB. Intermittently appearing regions of extremely low OC concentrations (< 20%) at the surface of the piles, which get rapidly removed upward, indicate entrainment by plumes.
In cases with Br < 0.8, OC concentrations in piles interior is more homogeneous (compared to those with Br > 0.8), at a value between ∼80-90% for cases with = 1 (B1 and C1), and between ∼65-75% for cases with = 0.25% (B4 and C3). Piles in cases with Br > 0.8 exhibit more vertical stratification of OC concentration in their interior. Two regions can be distinguished in these cases (least pronounced for case D4 in Figure 9 ): a high concentration (∼90-100%) region at the bottom, overlain by a low-concentration (∼40-60%) region. In cases with = 1 (D1 and F1), the high-concentration regions are thicker and the low-concentration regions are thinner, compared to their counterpart cases with = 0.25 (D4 and F4).
Temperature. Temperature distribution in the piles interior can also be grouped between cases with Br < 0.8 and those with Br > 0.8: cases with Br < 0.8 exhibit close to a homogeneous thermal structure (T ∼0.8-0.9, or T ′ ∼2850-3150 K), while cases with Br > 0.8 have a notable thermal gradient, with cooler pile surfaces (T ∼0.6-0.7 or T ′ ∼2200-2500 K).
Net Buoyancy Anomaly. The net buoyancy of the piles with respect to the ambient mantle, shown in Figures 9 and 10, illustrates that neutrally buoyant thermochemical structures developed in all of the presented cases and are persistent features that, once developed, survive for several billion years. For cases with Br > 0.57 the net buoyancy of the piles generally falls in the range between neutral and negative, with a negatively buoyant bottommost part and buoyancy increasing upward until it reaches the level of neutral buoyancy. In contrast, piles developing in cases with Br = 0.57 (B1 and B4) are positively buoyant (albeit only slightly) in the largest fraction of their interior, except for the negatively buoyant bottommost part and a neutrally buoyant uppermost part. Such buoyancy structure develops due to the variation of azimuthally averaged temperature with depth. Starting from the CMB, the value of azimuthally averaged temperature decreases upward, until it reaches the depth of ∼2600 km, at which point it starts rising again until it reaches its adiabatic value at ∼1500 km depth. Thus, as the positively buoyant thermochemical pile rises through the mantle in the depth range ∼2600-1500 km, it is surrounded by an increasingly hotter mantle, which lowers the effective buoyancy of the pile until neutral buoyancy is reached. A positively buoyant lower part of a pile that underlies its neutrally buoyant part was also observed in Tan and Gurnis [2005] , who suggested such buoyancy structure to be a plausible explanation for high topography yet gravitationally stable thermochemical piles at the bottom of the mantle. The mechanism that generated such buoyancy structure in their case, however, was depth dependence of the compositionally induced density anomaly due to the different equations of state used for the ambient and dense materials.
The seismic signal associated with OC material in the lower mantle is currently debated [Tsuchiya, 2011; Deschamps et al., 2012] . However, just to give an estimate of what the seismic shear wave velocity anomaly may look like for the piles developing in our simulations, we present a plot of its azimuthally averaged value for three selected cases in Figure 11 . We use sensitivity values for the dependence of shear wave velocity anomaly on temperature anomaly and concentration of OC material that are within the uncertainty range
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of values suggested by Trampert et al. [2004] and Deschamps et al. [2012] : dlnV S ∕dT = −3.1 ⋅ 10 −5 K −1 , and dlnV S ∕dX MORB = 0.3 ⋅ 10 −1 , where X MORB stands for a fraction of MORB, or OC material. With this choice of values, large portions of piles interior have a shear wave velocity reduction between ∼ −4% and −2%, in agreement with seismic observation (see section 4.4 for details). In their bottommost part, however, contrary to what is seismically observed, the anomaly becomes positive. This is likely due to a number of reasons, including: (i) vanishing lateral thermal anomaly within the thermal boundary layer, (ii) constant value of dlnV S , as opposed to one that gets more negative toward CMB in the lowermost mantle (as in Steinberger and Calderwood [2006] ), and high concentration of OC material at the bottom of the piles, which has a positive shear wave velocity anomaly associated with it. We emphasize that the sensitivity values used to generate these results are subject to debate.
Discussion
Main Findings From Numerical Simulations
For a range of parameters tested in this study-intrinsic density of the oceanic crust (OC) (Br, equation (6)) and viscosity in the bottommost 500 km of the mantle ( , equation (9)), a large-scale compositional anomaly forms at the CMB from the segregated OC. Once formed, the large-scale anomaly survives for several billion years. Formation and long-term survival of the thermochemical piles occur in our models despite the low influx rate of OC material, which results from a low value of the tectonic plates velocity prescribed at the surface. Low influx of OC material together with excessively strong upwelling flow (due to absence of internal heating) constitute unfavorable conditions for the formation of the piles. On the other hand, the prescribed stable locations of the downwelling regions, where the dense OC material gets transported into the mantle depth, facilitates the formation and survival of thermochemical piles. Strong thermally induced viscosity variations present in our models also favor segregation of OC material to the CMB and subsequent formation of thermochemical piles with highly heterogeneous internal structure. In agreement with previously published, both numerical and experimental studies, increasing buoyancy ratio promotes segregation, accumulation, and survival of the dense material at the CMB [Olson and Kincaid, 1991; Christensen and Hofmann, 1994; Nakagawa and Tackley, 2005; Brandenburg and Van Keken, 2007; Huang and Davies, 2007] .
Density Anomaly of Thermochemical Piles
In cases with moderate values of Br = 0.57 and 0.71, the neutrally buoyant piles contain ∼80% of dense OC material, which scales to a net compositionally induced density anomaly associated with the piles of ∼80 and 100 kg/m 3 , respectively, or, equivalently, of 1.45% and 1.82%. This is consistent with the preferred compositional density anomaly value of ∼ 2% in previously published experimental and numerical results of thermochemical mantle convection, which uses a dense basal layer as part of their initial conditions, which subsequently evolves into LLSVP-like thermochemical piles [e.g., Davaille, 1999; Davaille et al., 2002; Kellogg et al., 1999; Tackley, 2002; Zhong and Hager, 2003; Tackley, 2012] . For high values of Br = 0.85, 0.99, and 1.1, a dense layer (concentration of OC ∼100%) forms at the base of the mantle, and a neutrally buoyant pile develops on top of it (concentration of OC ∼30%). This scales to a compositionally induced density anomaly associated with the dense layer of ∼150, 175, and 200 kg/m 3 (equivalent to 2.72, 3.18, and 3.64%), respectively and that associated with the overlying neutrally buoyant piles of ∼45, 52, and 60 kg/m 3 (equivalent to 0.82, 0.95, and 1.09%), respectively. The dense basal layer and the neutrally buoyant pile on top of it are clearly separated by a jump in the concentration of the compositionally anomalous material (Figures 9 and  10) . These values for the compositional density anomaly of thermochemical piles are difficult to compare to previously published models, because, to our knowledge, such vertically stratified structures have not been observed before.
In cases with both moderate and high Br values, the shapes of the neutrally buoyant piles vary through time between ridge-like and dome-like.
The observed spatial distribution of the OC material within the large-scale anomalies can be grouped into two categories:
1. large topography piles with sharp edges, which are highly mobile both laterally and vertically, have a homogeneous distribution of dense material in their interior, and have plumes rising from their surface and edges, occasionally entraining large bulks of the pile material;
2. high-density basal layer covering nearly the entire CMB, overlain by high-topography piles with a much lower fraction of OC material, and plumes rising from their interior and edges, entraining thin filaments of pile material.
Scenario (1) is typical for the cases with moderate buoyancy ratio (Br < 0.8), while scenario (2) is typical for high buoyancy ratios (Br > 0.8). The role of reduced viscosity in the bottom 500 km is to decrease the concentration of the OC material in the pile, resulting in a more diluted-and thus more positively buoyant-mixture ( Figures 3, 4 and 9, 10 ).
Concentration and spatial distribution of dense material within the piles is strongly influenced by the motion in the piles interior. It can be induced by small-scale convective heat transport, due to heat flowing from the CMB, given that the piles Ra number is above critical (e.g., that the pile is sufficiently thick). Motion within the pile can also result from plumes rising in its vicinity-due to viscous coupling of the two. Lowering viscosity in the lowermost mantle is expected to increase the internal motion of the pile-both due to the resulting increase in the piles local Ra number and due to higher velocity of the material rising in plumes in the vicinity of the piles. The effect of the latter can be somewhat compensated by the decrease in viscous drag, as drag itself is also proportional to viscosity.
Motion within the pile also affects the spatial distribution of dense and ambient materials in its interior, with more vigorous motion resulting in more homogeneous distribution. Distribution of the pile materials toward a homogenized well-stirred mixture is opposed by the effect of buoyancy, which arises due to the intrinsic density difference between the materials. Buoyancy acts to create a higher concentration of dense material closer to the CMB and a lower concentration closer to the surface of the pile. Increasing the buoyancy ratio is thus expected to result in more (vertically) heterogeneous compositional structure. This is, indeed, what is observed in Figures 3, 4 : for a given viscosity structure, increasing the density anomaly of the OC material leads to a more vertically stratified distribution of dense material in the pile.
Processes Responsible for Heterogeneous Internal Structure of Thermochemical Piles
To gain some physical intuition into the processes responsible for the observed behavior and evolution of thermochemical piles, it is helpful to think of the piles and the rest of the mantle as two separate systems. A pile represents a reservoir linked to the rest of the mantle through exchange of heat and material. Heat enters the pile by diffusion from the hot CMB. Heat escapes the pile through diffusion across the interface between the pile and the ambient material, as well as through (i) influx of the newly arrived cold dense material, (ii) influx of the cold ambient material by entrainment (due to the motion within the pile), and (iii) departure of the hot pile material that gets entrained into hot rising plumes. Processes (i)-(iii) also describe the material exchange between the pile and the ambient mantle.
It is reasonable to assume that the rate at which dense OC material enters the pile (process (i)) is more or less constant throughout the simulation time. This is because this process is governed by the rate of subduction, which brings the dense material to the CMB, and which is controlled by the prescribed surface velocities. The rate at which ambient material enters the pile (process (ii)) is determined by the interior motion of the pile and viscosity in the vicinity of the interface between the pile and the ambient material.
Formation of a dense basal layer takes place when process (i)-influx of the newly arrived dense material-dominates over processes (ii) and (iii)-influx of ambient mantle material into pile (or layer), and entrainment of pile material into plumes. As the basal layer continues to grow -the temperature at its surface sinks, as it rises further away from the CMB. Lower temperature leads to higher viscosity at the surface of the layer-and thus stronger drag imposed on the layer by the thermal plumes rising off its surface. Increasingly strong viscous drag destabilizes the dense material at the surface of the layer. Plumes may not always manage to carry a thin filament of dense material all the way up to the surface, and the initially entrained filament collapses back onto the surface of the layer. The filament does not collapse alone, however, but with a fraction of ambient mantle material viscously coupled to it. Repeated action of this process of entrainment and collapse is responsible for the formation of a secondary thermochemical pile on top of the dense basal layer. Due to the elevated viscosity within this low OC concentration secondary pile (compared to the low-viscosity and high temperature layer closer to the CMB), as well as the small thickness of the destabilized filaments (due to high buoyancy ratio-viscous drag is only capable of destabilizing very small volumes of dense material), the dense material within the secondary pile is prevented from segregating back to rejoin the dense basal layer. The observed stability of the neutrally buoyant low OC concentration pile on top of the dense basal layer points to the balance in the rate at which new dense filaments are formed and start contributing to the pile, and the rate at which plumes manage to carry the pile material away-all the way up to the surface.
Our modeling results suggest that the domains in the diagram from Le Bars and Davaille [2004, Figure 2] , which classifies different patterns observed in thermochemical convection at different buoyancy and viscosity ratios (albeit in their case-both due to intrinsic material properties), are not model-specific. Rather, several domains can be present within one system: a thin dense basal layer where conduction is the dominant heat-transport mechanism, underlying a flat layer that is internally convecting, which is overlain by a high-topography layer with yet lower concentration of dense material, and-the cherry on top-the neutrally buoyant oscillating dome topping off the large-scale compositional anomaly. Compositionally dense material that fails to become a part of the aforementioned structures gets stirred and thinned by ambient flow and eventually becomes dynamically indistinguishable from the ambient mantle. If the intrinsic density of compositionally anomalous material (OC in our case) is too low to form any of the dense basal layers-only the neutrally buoyant high-topography pile is observed. For yet lower values of intrinsic density-no material manages to segregate, and the two materials mix and eventually form a homogeneous mixture.
Comparison With the Seismologically Observed Structure of LLSVPs
In our simulations, neutrally buoyant thermochemical piles-those in which the thermally induced negative density anomaly is balanced by the presence of high-density OC material-best resemble the geometry of LLSVPs: high topography of over 1000 km with steep edges (Figures 3, 4) and occupying a few percent (∼2%) of the total 2-D volume (Figure 6c) . Interestingly, such neutrally buoyant piles tend to emerge and survive for a long time (several gigayears) in simulations that span a large range of tested values for parameters such as density and viscosity (yet within the proposed range of uncertainty of these parameters). Both internal and exterior structure of piles that develop in models with different values of Br and exhibit great degree of variation, including variation through time for each individual model. It is interesting to compare these geometrical characteristics with those of LLSVPs, which are derived from seismic observations.
The African LLSVP appears to have a ridge-like [Ni and Helmberger, 2003 ] structure with dimensions of about 1000 km ×7000 km laterally [Ni and Helmberger, 2003] and extending up to 1300-1500 km above the CMB [Ni and Helmberger, 2003; Wang and Wen, 2007] . Wang and Wen [2007] describe the geometry of African LLSVP in terms of two portions (without any separating gap): part (i) is in the mid-mantle, has a bell-like shape, and its associated average shear velocity reduction is of −2% to −3%; part (i) is underlain by part (ii), which is a 150 to 250 km thick layer with an associated average shear velocity reduction of −5%. Observations of Ni and Helmberger [2003] and Wang and Wen [2007] agree that the lateral extent of African LLSVP increases with depth. Similar pile geometries can be observed in our numerical results, in particular, cases D4 and F4 in Figure 3 , and cases D2, E2-E3, and F2-F4 in Figure 4 . We note, however, that the geometry of piles developing in each of our models change through time, and a different set of cases may be consistent with these observations at a different point in time.
Pacific LLSVP appears to have a more rounded structure [He and Wen, 2009] . He and Wen [2009] identify two unconnected portions (with a 740 km wide gap in between) that constitute this anomaly: part (i) extends 1050 km laterally and 740 km above the CMB, has a shear wave velocity reduction of −3% to −3.5% (from its top to 100 km above CMB) and −5% (in the bottom 100 km) associated with it, and a trapezoid-like shape (widening with depth); part (ii) extends 1800 km laterally and 340 km above the CMB, and has a uniform shear wave velocity reduction of −3% associated with it. We do not observe such clearly separated portions of the large-scale anomalies in our models, although piles in cases C1-C2 in Figure 3 and those in cases B1 and C2 in Figure 4 can be seen as a taller pile portion connected by a thinned "bridge" to a portion with lower topography. In addition, case C2 in Figure 3 and cases C2-C3 in Figure 4 exhibit intermittent regions of higher OC concentrations (and also higher temperature) in the bottommost 100 km (also seen for case C3 in Figure 10 ).
Shear wave velocity reduction of −2% to −3.5% observed for the LLSVPs interior are broadly consistent with our results (Figure 11 ), although the sensitivity values that are needed to compute the synthetic seismic signal are currently uncertain [e.g., Deschamps et al., 2012] . On the contrary, the observed shear wave velocity reduction down to −5% in the bottommost part of LLSVPs is the exact opposite of what we observe in our models, in which the anomaly reaches positive values close to the CMB.
Conclusions and Outlook
The following conclusions can be derived from the results of our thermochemical mantle convection simulations:
1. For a plausible range of values of density anomaly of OC material in the lower mantle-100-200 kg/m 3 -it is likely that it segregates and accumulates at the CMB. 2. Once segregated, the dense material undergoes mechanical stirring that acts to create a large-scale compositional anomaly with a heterogeneous internal structure-both in terms of concentration of dense material and temperature. 3. Neutrally buoyant thermochemical piles develop in all of our studied cases, through mechanical mixing of OC material with the ambient mantle. These large-scale compositional anomalies are similar in shape to the seismically observed LLSVPs. Magnitude of the compositionally induced density anomaly associated with the neutrally buoyant parts of these structures ranges from 45 to 100 kg/m 3 , depending on the intrinsic density anomaly of OC material in the lower mantle and distribution of OC material within the piles. 4. In cases with moderate buoyancy ratios, the neutrally buoyant piles develop directly on top of the CMB.
Their interior does not exhibit any significant radial trends in OC concentration or temperature, but there exist, however, transient thermal and compositional heterogeneities. 5. In cases with moderate buoyancy ratios, neutrally buoyant thermochemical plumes are observed, which are efficient at transporting high-density material upward from the CMB, and thus at destroying the compositional anomaly. Such events are relatively rare and require a preliminary action of mechanical stirring at the bottom of the mantle-to form a diluted mixture of ambient and dense materials that constitutes the thermochemical plume. 6. In cases with high buoyancy ratios, the neutrally buoyant piles develop on top of a high-density (i.e., high OC concentration) layer, which forms prior to pile formation, and covers a large fraction of the CMB. 7. In cases with high buoyancy ratios, rising plumes are significantly colder than the ones developing in moderate buoyancy ratio cases and only manage to entrain thin filaments of high-density material as they rise. 8. Based on the comparisons between our numerical models and previously published seismological observations, we propose that the observed internal and exterior structure of LLSVPs reflects their internal distribution of high-density material. The latter is governed by motion in LLSVPs interior, which is in turn governed by values of intrinsic density anomaly and of viscosity in the lowermost mantle.
As a possible outlook, these results, in addition to illuminating some of the complexity of deep Earth dynamics, can predict possible structures that may develop in the interior of the large-scale heterogeneities, such as the LLSVPs. These predictions can then be tested against the results of seismological studies and thus serve as an additional constraint on models of the deep mantle. Further building on these results, it would be interesting to look at the effect that various possible structures of LLSVPs have on the thermochemical plumes that rise in their vicinity: e.g., thermal anomaly associated with the plumes, amount of OC material that they bring up to the surface, and evolution of these plume-characteristics through time. Such quantities predicted from numerical models can be tested against surface-observations of basaltic volcanism that are thought to be manifestations of deep mantle plumes. materials and gives rise to thermochemical structures that can only be observed in compressible convection models, such as oscillating and stagnating plumes [Samuel and Bercovici, 2006] and metastable superplumes Gurnis, 2005, 2007] .
A2. Cylindrical Geometry
Different ways of constructing two-dimensional models that can reflect physical processes occurring in a more Earth-like three-dimensional sphere have been proposed [e.g., van Keken, 2001; Hernlund and Tackley, 2008] . The quantities often considered are heat flux, usually in terms of the Nusselt number (Nu), the characteristic flow velocity, usually in terms of the root-mean-square or surface velocity and the characteristic length-scales of thermal structures, such as distance between neighboring upwellings or downwellings. For a two-dimensional hollow-cylinder geometry (such as in our model), geometrical parameters that need to be prescribed are inner (R i ) and outer (R o ) radii. Scaling R i and R o directly to the radii of the outer core (≈ 3486 km) and the surface of the Earth (≈ 6371 km), respectively, gives R i = 1.2083 and R o = 2.2083, where the nondimensional depth of the mantle is chosen to be 1. van Keken [2001] have shown that this choice of geometry results in an overestimation of heat flux and flow velocity and that a scaling with R i = 0.4292 and R o = 1.4292 produces results that more closely resemble thermal convection in a sphere. The fact that increasing the curvature of the cylinder (decreasing the ratio of inner to outer radii) leads to a decrease in heat flux has been previously demonstrated in a systematic numerical study of Jarvis [1993] . An analogous effect of curvature on heat transport properties has also been demonstrated in models of mantle convection in three-dimensional spherical geometry [Hosein Shahnas et al., 2008; Deschamps et al., 2010] . However, Hernlund and Tackley [2008] have pointed out that using such small inner radius for cylindrical geometry as proposed by van Keken [2001] leads to an artificial "crowding" of thermal and compositional structures at the base of the mantle. Further, as was pointed out by Hosein Shahnas et al. [2008] , mechanical boundary conditions (e.g., free slip or prescribed velocities) may also play a role in the resulting heat flux of a model. A similar observation was made in van Keken and Ballentine [1999] , namely, that one cannot independently adjust model parameters such as plate velocities and heat flow.
With these limitations in mind, we choose to set the nondimensional inner and outer radii of our cylindrical domain equal to 1 and 2, respectively. It is an intermediate scaling compared to the ones studied in van Keken [2001] . With this choice of model parameters, including the geometrical parameters, the previously described mechanical boundary conditions (section 2.2), and the viscosity model (section 2.3), we observed that Nu (here measured as the nondimensional conductive surface heat flux) in our models never exceeded the value of 16. This value is on the lower end of the range suggested for the surface of the Earth (Nu between 14 and 23, as summarized in van Keken and Ballentine [1999] ). Just to get an idea of how the nondimensional heat flow values obtained in our models relate to Earth, we dimensionalized the values of circumference-averaged conductive radial heat flux, measured at the top and bottom boundaries of our models, and integrated these over the spherical surface area of the Earth and CMB, respectively. Thus, in dimensional terms, the range of present-day surface heat flow values obtained in our models is 18-25 TW, which is smaller than the estimated range of convecting mantle heat flow of 35-43 TW [Jaupart et al., 2007] . For further comparison, the present-day surface heat flow obtained in the "best fit" thermochemical convection model of Nakagawa and Tackley [2014] , who used a spherical annulus geometry as described in Hernlund and Tackley [2008] , is about 30 TW. The range of the present-day CMB heat flow values obtained in our models is 7-13 TW, which is larger than the theoretical estimates of ∼2.1-3.4 TW in Buffett [2002] , but within the range of the more recent estimates of ∼5-15 TW, as summarized in Lay et al. [2008] . Conversely, the most successful thermochemical convection model of Nakagawa and Tackley [2005] , who used a scaled cylindrical geometry as described in van Keken [2001] , predicts a present-day CMB heat flow of 8.5 TW. The low surface heat flow values obtained in our models are likely due to our chosen value for the prescribed surface velocity, which is lower than the typical tectonic velocities. The high CMB heat flow in our models is partially due to the choice of geometry, which overestimates the "surface" of the hot CMB, and partially due to the absence of internal heating.
A3. Prescribed Surface Velocity
The constant in time-prescribed surface velocity in our models is an oversimplification of plate tectonics at the Earth's surface, where plate boundaries migrate, new plate boundaries get created, and old boundaries stop being active, or get extinguished altogether. Rearrangement of plate boundaries with time leads to an unsteady mantle convection pattern, which, in turn, can lead to more chaotic mantle flow and more efficient stirring of chemical heterogeneities [Gurnis and Davies, 1986a; 10.1002/2014JB011688 Turcotte, 1990; Christensen, 1989] . Thus, our chosen constant in time surface boundary conditions facilitate the segregation and preservation of dense material at the base.
A4. Internal Heating
For simplicity, we do not include internal heating into our models. One of the consequences of excluding the internal heating mode are excessively hot and buoyant thermal plumes, compared to what is expected in a more Earth-like convection. While excess buoyancy contributes to faster ascent of the plume and, thus, promotes entrainment and destruction of the compositionally dense anomaly, the hotter temperature of the plume also makes it less viscous and, thus, lowers its ability to entrain the dense material. The net effect of excessively hot plumes on entrainment is thus difficult to assess.
Further, radioactive elements are distributed heterogeneously throughout the Earth's mantle, giving rise to thermal variations that cannot be captured by our model. In particular, because radioactive elements preferentially enter the basaltic component upon mantle-melting at the surface, the OC has a higher concentration of these heat-producing elements compared to ambient mantle. Thus, a large-scale compositional anomaly made up by segregated OC, as featured in our models, experiences more internal heating than the ambient mantle. The resulting excess heat of the piles would make them less gravitationally stable, compared to the ones produced in our models.
Further, lack of internally generated heat may lead to an excessively cool mantle. However, this effect may be somewhat compensated by our choice of the two-dimensional cylindrical geometry, with the hot inner boundary that is relatively large compared to the cool outer boundary. On similar effects of model geometry on the heating mode in convection simulations, see O'Farrell and Lowman [2010] .
A5. Stress Exponent
When the diffusion creep is the dominant deformation mechanism, the material behaves like a Newtonian fluid, and the dependence of strain rate on stress is linear, i.e., n = 1. When the fluid deforms predominantly by dislocation (or power law) creep, this dependence is normally approximated to be given by n =3 [e.g., Karato, 2008] . Which values of n are appropriate in different regions of the mantle is not well constrained. Laboratory studies [e.g., Karato et al., 1995; Karato and Wu, 1993] and inferences of mantle anisotropy structure from seismological studies [Becker, 2006; Karato, 1998 ] favor the dominance of dislocation creep in the shallow upper mantle, and possibly inside the D ′′ layer and dominance of diffusion creep in the lower mantle.
The effect of different mantle rheology models, linear or nonlinear, on the mantle flow has been studied in Christensen, [1983, 1984] . The general effect of nonlinear rheology has been found to reduce the viscosity variations associated with pressure dependence and temperature dependence, compared to the linear rheology case. In the same study it has been demonstrated that the nonlinear rheology can be closely imitated by a Newtonian flow with a reduced value of activation enthalpy, by a factor of 0.3-0.5. The main difference between a power law flow imitated by a Newtonian flow with a reduced enthalpy, and an actual power-law, is the tendency of the latter to concentrate the deformation into certain regions. This effect is important for incorporating self-consistent plate tectonics into mantle convection models, which may require weakening of the lithosphere in the subduction zones due to stress concentrations. However, our current model does not include this feature.
